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INTRODUCTION
Agricultural productivity in California's western San Joaquin Valley is subject to the potentially adverse effects of shallow, poor-quality ground water. Of the more than 2.2 million acres under irrigation in the western San Joaquin Valley, nearly 850,000 acres are underlain by a water table that is within 5 ft of land surface (San Joaquin Valley Drainage Program, 1989a) . Areas that are underlain by a shallow water table are prone to soil salinization and degradation of ground-water quality. Historically, subsurface tile drains have been used to control the altitude of the water table and to manage subsurface water quality. However, selenium-bearing agricultural drainwater derived from a part of the western San Joaquin Valley and exported to the Kesterson Wildlife Refuge led to deaths and deformities of waterfowl and aquatic biota (Deverel and others, 1984; Presser and Barnes, 1985; Ohlendorf and others, 1986) . The occurrence of selenium toxicity at Kesterson resulted in the closure of contributing drainage facilities. In the absence of drains, there is considerable concern as to how to manage the ground-water flow system in the western San Joaquin Valley (San Joaquin Valley Drainage Program, 1989a) .
A transient, three-dimensional, finite-difference ground-water flow model was developed to simulate the regional water table in an area of about 550 mi2 in the central part of the western San Joaquin Valley (Phillips and Belitz, 1991; Belitz and others, 1992) ( fig. 1 ), including the area from which seleniumbearing drainwater was collected. The boundaries of the model area were selected to coincide with hydrogeologic boundaries where possible. The western boundary is defined by the contact between the deformed rocks of the Coast Ranges and the unconsolidated deposits of the valley; the eastern boundary is defined by the San Joaquin River and Fresno Slough, which occupy the trough of the San Joaquin Valley; the northern and southern boundaries are defined by radial lines along the Little Panoche Creek and Cantua Creek alluvial fans, respectively; and the northeastern boundary is defined approximately by the Delta-Mendota Canal, which is built along a topographic contour defining a break in slope between fan deposits and the valley trough.
This report describes the use of the model for evaluating the response of the water table to different management alternatives that affect recharge to or discharge from the ground-water flow system. The development of the model and its ability to reproduce measured hydrologic conditions are described by Phillips and Belitz (1991) and Belitz and others (1992) . This study was done by the U.S. Geological Survey in cooperation with the U.S. Bureau of Reclamation.
HYDROGEOLOGIC SETTING
The central part of the western valley is underlain by the Corcoran Clay Member of the Tulare Formation of Pleistocene age, which divides the flow system into a lower confined zone and an upper semiconfined zone ( fig. 2) . The semiconfined zone can be divided into three hydrogeologic units: Coast Ranges alluvium, Sierran sand, and flood-basin deposits (Belitz and Heimes, 1990) . The thickness of the Coast Ranges alluvium is more than 800 ft along the Coast Ranges and thins to 0 ft near the valley axis (Miller and others, 1971) . The thickness of the Sierran sand is 400 to 500 ft in the valley trough and thins eastward and westward (Miller and others, 1971) . The thickness of the flood-plain deposits ranges from 5 to 35 ft and overlie the Sierran sand (Laudon and Belitz, 1991) . The thickness of the confined zone, defined as the interval from which ground water has been pumped historically, ranges from 570 to 2,460 ft (Williamson and others, 1989) .
Prior to 1967, most of the study area relied on ground water as the sole source of irrigation water. Since 1967, most of the study area has relied primarily on imported surface water as a source of irrigation, with ground water as an important secondary source. The long history of irrigation in the study area, combined with a reduction in ground-water pumping since 1967, has caused a significant rise in the altitude of the water table. Consequently, more than 50 percent of the study area is presently underlain by a water table within 10 ft of land surface. A more complete description of the character and evolution of the flow system in the central part of the western San Joaquin Valley is provided by Belitz and Heimes (1990) .
NUMERICAL MODEL
A transient, three-dimensional, finite-difference model of the ground-water flow system in the central part of the western San Joaquin Valley was developed to assess the response of the water table to various management alternatives (Belitz and others, 1992) . Areally, the model grid is 36 rows by 20 columns, with each cell 1 mi on a side ( fig. 1) . Vertically, the semiconfined zone was divided into five layers, and the confined zone below the Corcoran Clay Member was represented by a sixth model layer. The model incorporates distributed recharge and pumping , regional-collector drains in the Westlands Water District (operative from 1981 to 1985), on-farm drains in parts of the Panoche, Broadview, and Firebaugh Water Districts, and baresoil evaporation from the water table. The model was calibrated using hydrologic data from 1972 to 1988.
Recharge and pumping in the model were areally distributed but temporally constant. The areal distribution and rates of recharge and pumping were based on an analysis of 1980 water budgets in nine subareas ranging from 16 to 155 mi2 ( fig. 3, table 1 ). Water-budget components are expressed in units of feet, which is the equivalent of acre-feet per acre. Gronberg and Belitz (1992) noted that 1980 was an average year with respect to crops planted, weather, and surface-water delivery. The vertical distribution of pumping (relation of semiconfined zone and confined zone) was based on an analysis of wellperforation data in 492 wells in 10 subareas ( fig. 4 , table 2) . The regionalcollector drains were modeled at a depth of 10.1 ft, and the on-farm collector drains were modeled at a depth of 7.3 ft; these depths were based on a regression analysis of water-level and drainage discharge data. Bare-soil evaporation in the model occurs when the water table is within 7 ft of land surface; this depth was based on a theoretical analysis of hydraulic characteristics of Panoche clay loam.
The ability of the model to reproduce measured conditions can be evaluated by examining several measures of the state of the ground-water flow system. Figure 5 illustrates the measured and simulated depth to the water table in October 1984. The model was able to reproduce the large variation (interval, 10, 20, 50, 100, 200 , and 400 ft) in measured depth to the water Belitz and others (1992) noted that the model is able to reproduce changes averaged for large areas (75 mi2) better than for small areas (25 mi2).
Area! distribution of year round and seasonal measured and simulated number of model cells subject to bare-soil evaporation (defined as areas with a water table within 7 ft of land surface) in 1984 is shown in figure 6 . The model reproduces 95 of the 122 cells subject to bare-soil evaporation in July and October (represents year round), 31 of the 86 cells subject to bare-soil evaporation in July or October (represents seasonal), and predicts 36 cells subject to bare-soil evaporation that were not subject to bare-soil evaporation. Thus, it appears that the model is better able to predict bare-soil evaporation on a year-round basis than on a seasonal basis. Figure 7 is a time-series record of the number of model cells subject to bare-soil evaporation for measured and simulated conditions. The measured evaporation is at a maximum in July during the irrigation season and at a minimum in October after the harvest. The simulated evaporation is most consistent with the measured evaporation from 1972 to 1985 and least consistent from 1986 to 1988. Overall, simulated evaporation is within the bounds of the measured evaporation during the period of simulation. A more complete description of the model and its ability to reproduce conditions is described by Belitz and others (1992 
SIMULATION OF WATER-TABLE RESPONSE

TO MANAGEMENT ALTERNATIVES
The three-dimensional model developed by Belitz and others (1992) was used to evaluate the response of the water table to various management alternatives that affect recharge to or discharge from the ground-water flow system. The institutional or economic feasibility of the various alternatives and the institutional or economic responses to changes in hydrologic conditions are not accounted for in the model. In addition, the distribution of solutes in the system and the redistribution of solutes that might occur as a result of the various management alternatives are not accounted for in the model.
The purpose of the assessment was primarily to evaluate the sensitivity of the altitude of the water table to different hydrologic stresses (for example, changes in recharge rates or pumping rates). The effects of the various alternatives were quantified in terms of the number and distribution of model cells subject to bare-soil evaporation (which occurs when the water table is within 7 ft of land surface) and by drainflow in the area of on-farm drains (which is a function of the difference between the altitude of the water table and the altitude of the drains). The existence of bare-soil evaporation is of concern because of the potential for salinization of soils and degradation of ground-water quality. Drainflow is of concern because of the problems associated with disposal of poor-quality water. For the purposes of evaluation, 1990 was selected as the year in which the various alternatives might be implemented.
Simulation of Water-Table Response to Management Alternatives 9 MAINTENANCE OF PRESENT PRACTICES
Maintenance of present practices is used as a basis against which other alternatives are compared. Maintenance of present practices was defined as continuation of the areally distributed, but temporally constant rates of recharge and pumping that were specified in the calibration of the model. Recharge and pumping rates were based on a water-budget analysis for an average year (1980) in terms of climate, surface-water delivery, and crop type . The on-farm drains in the north were operative and the regional-collector drains in the south were inoperative during the period of simulation. The effect of maintaining present practices was assessed by simulating the water -table  response Belitz and Heimes, fig. 23, 1990) ; and (4) all model cells where the water table is above the Corcoran Clay Member (530 cells). Management units 1 and 2 are areas currently subject to bare-soil evaporation (as indicated by the model). Differentiation of units 1 and 2 allowed the evaluation of potential differences in the response of the water table in areas with and without drains. Management unit 3 was differentiated from management unit 4 because the ground-water divide has been identified as a potential boundary for management purposes. In general, the selection of management units of various sizes allowed the evaluation of the response of the water table in areas being managed and in adjacent areas not being managed.
For the purposes of discussion, model results are displayed in two formats: time-series graphs of the number of model cells subject to baresoil evaporation and of drainflow, and maps illus--trating the area! distribution of model cells subject to evaporation in 2040. For the purposes of analysis, one can distinguish between model cells subject to evaporation in 1990 and model cells not subject to evaporation in 1990. On that basis, one can define the "growth in evaporation" as those cells subject to evaporation in years 2000-2040 that were not subject to evaporation in 1990. One can also define the "elimination of evaporation" as those cells subject to evaporation in 1990 that are no longer subject to evaporation from 2000 to 2040. Finally, one can also account for the total number of cells subject to baresoil evaporation.
The time-series graphs of bare-soil evaporation are of three types: (1) growth in model cells subject to evaporation, (2) elimination of model cells subject to evaporation, and (3) total number of model cells subject to evaporation. For the purposes of comparison, the results of maintaining present practices are plotted on the time-series graphs. The data that are plotted on the time-series graphs are also tabulated in table 6 (at back of report).
The maps of bare-soil evaporation are referenced with respect to the distribution of model cells subject to bare-soil evaporation in 1990. The maps illustrate:
(1) cells subject to evaporation in 1990 that remain subject to evaporation in 2040; (2) additional cells subject to evaporation that were not subject to evaporation in 1990; and (3) elimination of cells subject to evaporation in 1990. The management units range in size from 158 to 530 mi2, and there are variations in the certainty of model input parameters and the scale at which they are estimated; therefore, the location of cells subject to evaporation should not be taken as a precise prediction. Rather, the maps should be viewed as illustrative of trends that might occur as a consequence of various management activities.
LAND RETIREMENT
Land retirement or removal of land from agricultural production, particularly in areas with saline soils and/or underlain by poor-quality ground water, has been cited as a potential management alternative (San Joaquin Valley Drainage Program, 1989a) . Land retirement was implemented in the model by specifying zero recharge and zero pumping in those cells retired; all other aspects of the model remained unchanged. Specifying zero recharge implies that there is no natural recharge. Davis and Poland (1957) and subsequent workers assumed that under natural conditions rainfall was an insignificant mechanism for recharge. Natural recharge was primarily from infiltration of stream water from intermittent streams (Belitz and Heimes, 1990) . These intermittent streams do not flow through the lands being considered for retirement; therefore, natural recharge was assumed to be insignificant on retired lands.
The effect of land retirement on bare-soil evaporation and drainflow was evaluated by retiring: (1) all cells within management unit 1; (2) all cells within management unit 2; (3) all cells in the western part of management unit 2; and (4) every other cell in management unit 2. Table Response For all four scenarios evaluated for land retirement, bare-soil evaporation was eliminated in all retired cells and there was a small to modest effect on cells not retired. The growth in the number of cells subject to bare-soil evaporation is similar to that of maintaining present practices for all four scenarios ( fig. 1L4 )-For example, if all cells subject to bare-soil evaporation in 1990 are retired, the model indicates an additional 107 cells subject to bare-soil evaporation by the year 2040, as compared with 120 cells that would have been added had present practices been maintained. Note that the additional cells subject to bare-soil evaporation are primarily upslope of the areas retired, and retirement has little effect on the upslope areas ( fig. 12 ). Retirement of all cells in the western part of management unit 2 has little effect on the occurrence of bare-soil evaporation downslope ( fig. 12 ). The differences in the four curves of figure 1 IB (elimination of cells subject to bare-soil evaporation) and the five curves of figure 11C (total number of cells subject to bare-soil evaporation) largely reflect the differences in the number of cells retired. The model results indicate that land retirement is an effective means for preserving land from additional salinization, but it is not particularly effective in eliminating bare-soil evaporation in adjacent areas.
Simulation of Water-
Figure 1 ID is a graph of drainflow in the area of on-farm drains for the four different retirement scenarios and for the alternative in which present practices are maintained. Retirement of management unit 1 (cells subject to bare-soil evaporation in 1990, except for those in the area of on-farm drains) results in a reduction of drainflow of less than 10 percent, relative to maintaining present practices. If the drained area also is retired (retirement of management unit 2), then drainflow is reduced to zero. Retirement of the western part of management unit 2 or every other cell in management unit 2 reduces drainflow in proportion to the number of drainflow cells retired.
IMPROVEMENT IN IRRIGATION EFFICIENCY REDUCE RECHARGE TO 0.46 FOOT PER YEAR
Improvements in irrigation efficiency will allow less irrigation water to be applied. If the reduction in application is accompanied by a reduction in surfacewater delivery, improvements in efficiency will result in a reduction of ground-water recharge. A preliminary assessment of the effects of improvements in irrigation efficiency was made by using a recharge rate of 0.46 ft/yr in all four management units and maintaining current pumping rates (table 1) . A recharge rate of 0.46 ft/yr is based on the lowest estimated rate in the study area and would require significant, and perhaps unrealistic improvements in irrigation efficiency in some areas. A substantial part of the area subject to bare-soil evaporation in 1990 already has a recharge rate of 0.46 ft/yr. Aside from changes in recharge rate, all other aspects of the model remained identical to the calibrated model.
The effects of improving irrigation efficiency such that recharge is reduced to 0.46 ft/yr are illustrated in figures 13 and 14. The growth in cells subject to bare-soil evaporation ( fig. 13A) indicates that if recharge reduction is limited to management units 1 or 2, the growth in bare-soil evaporation will be similar to that of maintaining present practices. If, however, recharge reduction is extended to management unit 3, the growth can be limited to less than 40 cells. If recharge reduction is extended to management unit 4, the growth can be limited to less than 20 cells. The model results for this alternative indicate that avoidance of growth in cells subject to bare-soil evaporation requires recharge reduction in cells not presently subject to bare-soil evaporation.
The elimination of cells subject to bare-soil evaporation ( fig. 13B) indicates that the number of cells eliminated is affected by the size of the area in which recharge is reduced and that the reduction in bare-soil evaporation is greatest in the year 2000 and decreases thereafter. Figure 13B can be used, to some extent, to evaluate the effect of upslope irrigation on the area! extent of downslope bare-soil evaporation. The model indicates that the number of cells subject to bare-soil evaporation in 1990 is 224 ( fig. 13Q . If recharge in that area is uniformly reduced to 0.46 fl/yr, 27 of those cells will not be subject to bare-soil evaporation in the year 2040 (197 cells would remain). If recharge is uniformly reduced to 0.46 fl/yr in management unit 4 (530 cells), 54 of the cells subject to bare-soil evaporation in 1990 would not be subject to bare-soil evaporation in the year 2040 (170 cells would remain).
The total number of cells subject to bare-soil evaporation from 1990 to 2040 ( fig. 13C) , and the areal distribution of cells subject to bare-soil evaporation in 2040 ( fig. 14) indicate that if recharge reduction is limited to management units 1 or 2, the total number of cells subject to bare-soil evaporation will increase substantially with time. If recharge reduction is extended to management unit 3, the total number of cells subject to bare-soil evaporation will Simulation of Water- Table Response Simulation of Water- Table Response to Management Alternatives 17 decrease from 1990 to 2000 and will thereafter increase at a relatively modest rate (about 11 cells per decade). Extension of recharge reduction to management unit 4 also results in a decrease in the total number of cells subject to bare-soil evaporation from 1990 to 2000 and a relatively low rate of increase thereafter (about 4 cells per decade). Figure 13D is a graph of drainflow in the area of on-farm drains for the four scenarios of reduced recharge and for the alternative in which present practices are maintained. Figure 13D indicates a negligible change in drainflow if recharge reduction is limited to management unit 1 and a reduction in drainflow of about 0.3 ft/yr (about 50 percent) if recharge reduction is extended to management unit 2. If recharge reduction is extended to management units 3 or 4, the model indicates an additional decrease in drainflow of about 0.02 ft/yr. These results indicate that drainflow is sensitive to the recharge rate in the area of on-farm drains. cells can be eliminated. Figures 15C and 16 indicate that a reduction in recharge of at least 30 percent is necessary in order to hold constant the total number of cells subject to bare-soil evaporation. A 30-percent reduction in recharge would require improvements in irrigation efficiency that may or may not be feasible in some or all water-budget subareas. Figure 15D indicates that drainflow will be reduced by about 0.12 ft/yr for each 15-percent reduction in recharge. In the areas of on-farm drains (Firebaugh, Panoche, and Broadview subareas), a 15-percent reduction in recharge corresponds to a decrease in recharge of 0.11 to 0.14 ft/yr. The close correspondence between the amount of decrease in drainflow and amount of decrease in recharge indicates that drainflow is sensitive to recharge in the area of on-farm drains.
GROUND-WATER PUMPING REDUCE RECHARGE BY SPECIFIED PERCENTAGE
In the previous section, the effects of uniformly reducing recharge to 0.46 ft/yr were evaluated for various management units. In this section, the effects of reducing recharge by 15, 30, and 45 percent in management unit 4 were evaluated relative to the recharge values calculated for 1980. A reduction of recharge by these percentages would require various degrees of improvement in irrigation efficiency in the various water-budget subareas. Aside from reducing recharge, all other aspects of the model remained the same as the calibrated model. Figure 15B indicates that during the period of simulation (1990-2040), a 15-percent reduction in recharge will have a negligible effect on eliminating cells subject to bare-soil evaporation in 1990. If, however, recharge is reduced by 30 percent, more than 25 cells can be eliminated, and if recharge is reduced by 45 percent, nearly 120
CONSTANT PUMPING RATE
Ground-water pumping, like drains, removes water from the flow system, and is therefore a potentially effective alternative for managing the altitude of a shallow water table. The effectiveness of pumping is limited by two major constraints: withdrawal of poor-quality ground water from the semiconfined zone and aquifer compaction in the confined zone. Ground water pumped from the semiconfined zone, particularly from shallow depths, may be high in selenium and other dissolved constituents and therefore may be unsuitable for irrigation. Consequently, pumping from the deeper parts of the flow system is more desirable from a water-quality perspective, especially from the confined zone. However, ground water pumped from the confined zone may cause a lowering of heads beneath the historically lowest levels (1967) and thus may cause aquifer compaction and land subsidence.
An increase in the current amount of pumping (as calculated from 1980 water-budget data, see table 1) from the existing distribution of wells, as computed by Gronberg and Belitz (1992) (see table 2 ), is an attractive management alternative because it uses many of the wells already in place, and presumably those wells are perforated in zones of acceptable water quality. An increase in ground-water pumping from the existing distribution of wells was implemented in management unit 2 (all cells subject to bare-soil evaporation in 1990) and management unit 4 (all cells where the water table is above the Corcoran Clay Member). Aside from changes in pumping rate, all other aspects of the model remained identical to the calibrated model. Note that an increase in pumping under these conditions necessarily implies an equal reduction in surface-water application.
Simulation of Water- Table Response In management units 2 and 4, pumping was incremented systematically by 0.5 ft/yr in order to find the maximum constant pumping rate that could be supported. The maximum pumping rate was defined as that pumping rate that would not cause a lowering of confined zone heads during the period of simulation below the 1967 values, the historically lowest heads. The maximum uniform increment in pumping rate (greater than the calculated 1980 values) was 1.0 ft/yr in management unit 2 and 0.5 ft/yr in management unit 4. Total volumes of pumpage for these and other ground-water pumping scenarios are presented in table 3.
Figures 17 and 18 illustrate the effects of uniformly increasing the amount of ground-water pumping from the existing distribution of wells on bare-soil evaporation and drainflow. Figures \1A and  175 indicate that pumping at 1.0 ft/yr from management unit 2 or at 0.5 ft/yr from management unit 4 are effective strategies for controlling growth and eliminating bare-soil evaporation. The model indicates that by the year 2040, the growth in cells subject to bare-soil evaporation will be less than 63 cells (120 cells if present practices are maintained) and as many as 50 cells can be eliminated. Figures 11 A and 11B also indicate that pumping at 0.5 ft/yr from management unit 2 is considerably less effective than the other pumping scenarios. Figure 17C indicates that the total number of cells subject to bare-soil evaporation can be held to within 20 cells (10 percent) of the total in 1990. Figure 18 presents the areal distribution of cells subject to bare-soil evaporation for two scenarios of constant increment in pumping: 1.0 ft/yr from management unit 2 and 0.5 ft/yr from management unit 4. Figure 17D is a graph of drainflow in the area of on-farm drains for the three scenarios in which pumping is increased by a constant increment, and for the alternative in which present practices are maintained. Figure 17D indicates that an increase in pumping rate, or in the size of the area pumped, results in a reduction in drainflow in the area of on-farm drains. Note that an increase in the increment of pumping from 0.5 to 1.0 ft/yr in management unit 2 is more effective in reducing drainflow than an increase in the size of the area from which an increment of 0.5 ft/yr is pumped. Figure 17D also indicates an incremental decrease in drainflow of about 0.1 ft/yr for each incremental increase in pumping of 0.5 ft/yr. 
VARIABLE PUMPING RATE
The effects of pumping from the existing distribution of wells on bare-soil evaporation might be increased by selectively increasing the pumping rate rather than using a constant increment. Two scenarios for selective increases in pumping were identified: (1) an increment in pumping ranging from 0 to 1.5 ft/yr in management unit 2; and (2) an increment in pumping ranging from 0 to 1.0 ft/yr in management unit 4. For both scenarios, pumping was increased in all cells in the management unit by the maximum rate, and the simulated confined zone heads were compared to the measured 1967 values. If a simulated head value was lower than the measured 1967 value, the pumping rate was decreased by 0.5 ft/yr in that cell; if the simulated head value continued to be low, the procedure was repeated. Table 3 summarizes the pumping distribution which results from this procedure.
Comparison of figures 17 and 19 provides perspective on the benefits of variable increments in pumping relative to constant increments in pumping. Comparison of figures 17A and 19A indicates that a variable increment in pumping is more effective than a constant increment for controlling the growth in cells subject to bare-soil evaporation. For example, the model indicates that by the year 2040, a variable increment in pumping from management unit 4 will Simulation of Water- Table Response For example, the model indicates that by 2040, an incremental increase in pumping from management unit 2 will result in elimination of 92 cells, as compared to 48 cells eliminated if the increment is constant. Figure 19C , which shows the total number of cells subject to bare-soil evaporation, illustrates the effects of variable increments in pumping on controlling the altitude of the water table. Comparison of figures 17D and 19D indicates that drainflow is unaffected by a change from constant-increment pumping to variable-increment pumping in either management units 2 or 4. Figure 20 shows the area! distribution of variable pumping increments from existing wells in management units 2 and 4. The effect on the distribution of model cells subject to bare-soil evaporation by the year 2040 is shown in figure 21 .
INCREASED PUMPING FROM THE CONFINED ZONE ONLY
The occurrence of selenium and other dissolved constituents in the semiconfined zone is a potential limitation on ground-water pumping. Consequently, it has been proposed that pumping be limited to the confined zone only (San Joaquin Valley Drainage Program, 1989a). The effects of increasing pumping from the confined zone only was evaluated in management units 2 and 4. Initially, pumping was increased (relative to the calculated 1980 values) in increments of 0.5 ft/yr in order to find the maximum increment in pumping rate that could be sustained. A uniform increment of 0.5 ft/yr can be sustained in management unit 2 but cannot be sustained in management unit 4. Subsequently, pumping was incremented selectively by as much as 1.0 ft/yr in management unit 2, and as much as 0.5 ft/yr in management unit 4. Table 3 summarizes the number of cells with additional pumping at the variable increments.
Comparison of figures 17 and 22 provides perspective on the loss in effectiveness which results from restricting an increase in pumping to the confined zone only ( fig. 17 summarizes the results of a uniform increment in pumping). An increase in pumping from the confined zone only has a similar effect on the growth in bare-soil evaporation as an increase from the semiconfmed and confined zones (figs. \1A and 22A). For example, the model indicates that by 2040, an additional 55 cells will be subject to bare-soil evaporation if additional pumping from management unit 4 is limited to the confined zone only, as compared to 47 additional cells if pumping is increased in the confined and semiconfined zones. This result can be understood by comparing the location of the additional cells subject to evaporation (figs. 18 or 21) with the existing distribution of pumping ( fig. 4 and table 2 ). The areas of growth occur primarily in the Westlands Water District where the Sierran sand is absent. In that area, 6 percent of the pumping is from the semiconfined zone and 94 percent is from the confined zone (table 2) ; therefore, a restriction of pumping to the confined zone results in a minimal loss of effectiveness. The model indicates that a restriction of additional pumping to the confined zone reduces the ability of pumping to eliminate bare-soil evaporation (compare figs. 11B and 22£) . The model indicates that by 2040, 14 cells will be eliminated if additional pumping in. management unit 4 is limited to the confined zone only, as compared to 50 cells eliminated if additional pumping is from the semiconfmed and confined zones. This result can be understood by comparing the location of cells eliminated ( fig. 18 ) with the existing distribution of pumping ( fig. 4 Westiands Water District where the Sierran sand is present (north and south) and in the Firebaugh subarea where the Sierran sand is also present. In these areas, pumping from the semiconfmed zone ranges from 35 to 95 percent; therefore, a restriction of pumping to the confined zone only has a significant detrimental effect with respect to elimination of baresoil evaporation.
The model also indicates that if the increment in pumping is restricted to the confined zone only, the total number of cells subject to bare-soil evaporation and the drainflow rate will be about half-way between maintaining present practices and uniformly increasing pumping from the semiconfmed and confined zones (compare figs. 17C and 22C, and figs. Y1D and 22D) . Figure 23 shows the area! distribution of variable pumping increments from the confined zone only in management units 2 and 4. The effect on the distribution of cells subject to bare-soil evaporation by the year 2040 is shown in figure 24 .
REDUCE RECHARGE AND INCREASE GROUND-WATER PUMPING
In the previous sections, the sensitivity of the water table to various individual management alternatives was evaluated. In this section, the effects of combining recharge reduction with increased groundwater pumping are evaluated. The amount of recharge reduction and increased pumping was based on an analysis of the water-budget data presented in table 1 and on the results of the previous sections. The water-budget data (table 1) presented by Gronberg and Belitz (1992) indicates that in five of the nine subareas, surface-water delivery is insufficient to meet the calculated irrigation requirement; therefore, ground-water pumping is needed as a supplement in these subareas. Surface-water delivery exceeds the calculated irrigation requirement in three of the subareas; therefore, there is no need for ground-water pumping in these subareas. One subarea relies entirely on ground water as there is no surface-water delivery. The three subareas with a calculated excess of surface water are serviced by on-farm drains, and the six subareas with a calculated need for ground-water pumping are not serviced by on-farm drains.
Two scenarios were used to evaluate the response of the water table to changes in the rates of recharge and pumping (note: the modifications were made relative to the 1980 values, table 1). In the first scenario, recharge in the Firebaugh, Panoche, and Broadview subareas was decreased by an amount equal to the difference between surface-water delivery and calculated irrigation requirement. For the five subareas that require ground-water pumping as a supplement to surface water, pumping was increased by 0.5 ft/yr from the semiconfined and confined zones, and recharge was reduced by 15 percent. In the subarea without surface-water delivery, recharge and pumping were held constant. In the second scenario, the rates of recharge were decreased as in the first scenario, and pumping was increased by 0.5 ft/yr from the confined zone in four of the five subareas (San Luis and the three Westlands subareas with surface-water delivery). To avoid lowering the confined zone heads below the measured 1967 values, pumping was not incremented in the confined zone in the Tranquillity subarea. In the subarea without surface-water delivery, recharge and pumping also were held constant as in the first scenario.
Figures 25 and 26 illustrate the effects of implementing a program of reduced recharge and increased pumping. Figure 25A indicates that the growth in cells subject to bare-soil evaporation can be held to less than 25 cells, as compared to 120 cells if present practices are maintained. recharge and increased pumping has on the number of cells subject to bare-soil evaporation. Figure 25D indicates that drainflow is reduced to 0.30 ft/yr in 2040, as compared to 0.65 ft/yr if present practices are maintained.
An increase in pumping from below the Corcoran Clay Member only is nearly as effective as an increase in pumping from above and below the Corcoran Clay Member in controlling the number of cells subject to bare-soil evaporation and in reducing drainflow. This result can be partly understood by examining the growth in cells subject to evaporation, the elimination of cells subject to evaporation, and drainflow. The growth in cells subject to evaporation occurs primarily in areas where the existing distribution of pumping ( fig. 4, table 2 ) is 6 percent from the semiconfined zone and 94 percent from the confined zone; therefore, a restriction of pumping to the confined zone has little effect. A restriction in pumping to the confined zone, however, does affect the number of cells eliminated. For example, the model indicates that by 2040, 91 cells will be eliminated if pumping is restricted to the confined zone, as compared to 111 cells eliminated if pumping is from the semiconfined and confined zones. The difference of 20 cells is comparable in magnitude to the difference of 40 cells indicated previously (see discussion of "ground-water pumping, confined zone only"). The difference of 20 cells, however, is a relatively small percentage of the total number eliminated. The reduction in drainflow is primarily a result of the reduction in recharge in the areas of onfarm drains. In the areas of on-farm drains, the average reduction in recharge was about 0.3 ft/yr; the reduction in drainflow ranged from about 0.30 to 0.35 ft/yr.
MANAGEMENT ALTERNATIVES FOR THE SAN LUIS UNIT PROPOSED BY THE U.S. BUREAU OF RECLAMATION
The U.S. Bureau of Reclamation (USER) has evaluated five management alternatives for the San Luis Unit, which includes the Westlands, San Luis, Panoche, Broadview, and Pacheco Water Districts (U.S. Bureau of Reclamation, 1991) . The model area in this report includes parts of the Westlands, San Luis, and Panoche Water Districts, all the Broadview Water District, but does not include the Pacheco Water District. For the purposes of analysis, the USER divided the San Luis Unit into two components: the Westlands Water District and the northern districts. In the model area of this report, the Westlands Water District is represented by 324 cells and the northern districts are represented by 81 cells (a total of 405 mi2). The model area also includes the Firebaugh and Tranquillity subareas (103 cells), which are not a part of the San Luis Unit.
The USER defines a baseline of "no action," which is defined as no actions taken by the Federal Government toward solving the drainage problem. Under the no-action alternative, farmers would respond to changing hydrologic conditions by installation of drains, if economically feasible; by land retirement, if the costs of production exceed revenues; and by improvements in irrigation efficiency in response to shallow ground-water conditions and changes in production costs. The no-action alternative also allows for reallocation of conserved water within the Westlands Water District and assumes that the northern districts will continue to discharge drainwater to the San Joaquin River, subject to water-quality regulations, and will recycle drainwater, where possible.
The USER postulates four alternatives to noaction. Alternative 1 provides for construction of facilities to allow drainage of all lands affected by shallow ground water. Alternative 2 requires management of drainwater and salts within the boundaries of the San Luis Unit and allows for reimbursement of costs associated with improvements in irrigation efficiency, selective transfer of irrigated lands to alternative uses, and for redistribution of conserved water. In the northern districts, alternative 2 also requires cessation of drainwater discharge to the San Joaquin River. Alternative 3 is a combination of alternatives 1 and 2 -in Westlands, alternative 3 is identical to alternative 2, and in the northern districts, alternative 3 would restrict the eligibility criteria for transfer of land to alternative uses, would allow for reimbursement of costs associated with improvements in irrigation efficiency, and would provide for construction of drainwater recycling and disposal facilities. Alternative 4 incorporates proposals put forward by the San Joaquin Valley Drainage Program. In the Westlands Water District, alternative 4 would allow for alternative land use and water marketing, and in the northern districts, alternative 4 would allow for alternative land use, water marketing, and construction of drainwater recycling and disposal facilities. Alternative 4 would also provide for monitoring and development of technologies for dealing with drainage problems, including groundwater pumping. The USER assumes that by 2007, a technical solution to the drainage problem would have been developed, and thereafter, water marketing and ground-water pumping would be discontinued. A complete discussion of the five management alternatives is provided by U.S. Bureau of Reclamation (1991).
The USER evaluated the effects of the proposed management alternatives with a simulation model that is driven by on-farm economic decisions (San Joaquin Valley Drainage Program, 1989b; U.S. Bureau of Reclamation, 1991). The model used by the USER, the Westside Agricultural Drainage Economics (WADE) Model couples an agricultural production model, a hydrologic model, and a salinity model (Hatchett and others, 1991) . The WADE model discretizes installation of drains, improvements in irrigation systems, trading of surface water among model cells and to buyers outside the study area, and other decisions that affect recharge to and discharge from the ground-water flow system. Output from the WADE model includes estimates of ground-water recharge (defined by the USER as deep percolation), drainflow, and ground-water pumping.
The model developed by Belitz and others (1992) was used to help evaluate the hydraulic response of the water table to the stresses predicted by the WADE model. The USGS simulations were configured by specifying recharge and ground-water pumpage on a year-by-year, cell-by-cell basis. For model cells within the San Luis Unit, the recharge rate reflected an adjustment for drainflow and for lands taken out of irrigation as predicted by the WADE model. Drains were not explicitly incorporated in this analysis in order to simplify the installation and closing of drains as a function of time. Land retirement and alternative use of land were not explicitly represented in this analysis because they were not explicitly located by the WADE model. The areally distributed rates of recharge as predicted by the WADE model reflect the reduction in total irrigation that results as a consequence of land retirement. The rates of recharge used in the USGS model, however, were lower than the rates predicted by the WADE model because recharge rates were adjusted by drainflow as predicted by the WADE model. Figure 21A presents the regionally averaged recharge rates for the San Luis Unit as predicted by the WADE model, and figure 21B presents the regionally averaged recharge rates after adjustment for drainflow ( fig. 27C ). Figure 21D ground-water pumping rates for the San Luis Unit, and figure 21E illustrates the amount of land in the San Luis Unit taken out of production. Aside from recharge, pumping, and the representation of drains, all other aspects of the model remained the same as the calibrated model. For model cells outside the San Luis Unit, all aspects of the model (including recharge, pumping, and drains) remained identical to the calibrated model. Figure 28 presents a time-series plot of the number of cells subject to bare-soil evaporation that would result from the five management alternatives proposed by the USER. Table 4 presents representative water budgets  for 1991, 2007, 2025, and 2040 for that part of the San Luis Unit incorporated in the USGS model. The results illustrated in figure 28 and table 4 can be used as an additional tool for evaluating the USER proposals. 
DISCUSSION OF MANAGEMENT ALTERNATIVES
For each management alternative discussed in the previous section, the response of the water table was quantified in terms of the number of model cells subject to bare-soil evaporation and by drainflow in the area of on-farm drains. Each model cell represents 1 mi2, and on-farm drains are present in 67 model cells. Table 5 summarizes the effects of the various management alternatives by 2040.
Maintenance of present practices was defined as continuation of the areally distributed, but temporally constant rates of recharge and pumping that were specified in the calibration of the model. The model indicates that if recharge and pumping rates are maintained, the amount of land subject to bare-soil evaporation will increase from 224 mi2 in 1990 to 344 mi2 in 2040, an increase of almost 50 percent; drainflow in the area of on-farm drains will increase from 0.55 to 0.65 ft/yr, an increase of nearly 20 percent.
Retirement of land was defined as cessation of recharge and pumping. The model indicates that land retirement results in elimination of bare-soil evaporation in all cells retired, but has little effect on bare-soil evaporation in neighboring cells. The model also indicates that retirement results in elimination of drainflow in all cells retired and has a modest effect in adjacent areas. For example, the model indicates that if all cells subject to bare-soil evaporation in 1990 are retired exclusive of the area underlain by on-farm drains, the drainflow in the area of on-farm drains will be reduced by 10 percent.
Two approaches were used to evaluate the sensitivity of the water table to a reduction in recharge. In the first approach, the size of the area in which recharge was reduced to 0.46 ft/yr, a rate corresponding to the lowest recharge rate in the model area, was increased systematically. In the second approach, the 1980 recharge values were reduced systematically by a fixed percentage (15, 30, 45 percent) in all model cells where the water table is above the Corcoran Clay Member (management unit 4). The model indicates that a reduction in recharge in areas not currently (1990) subject to bare-soil evaporation will be needed to control the occurrence of bare-soil evaporation in those areas. If recharge is reduced by 30 percent in management unit 4, the total number of cells subject to bare-soil evaporation can be held to within 5 percent of the 1990 total. The model also indicates that drainflow is sensitive to the recharge rate in cells underlain by on-farm drains. A 30-percent reduction in recharge in cells underlain by on-farm drains corresponds to a reduction in recharge of about 0.25 ft/yr and would result in a decrease in drainflow, relative to maintaining present practices, of about 0.22 ft/yr.
An increase in ground-water pumping (relative to the calculated 1980 values) is an effective strategy for controlling the amount of area subject to bare-soil evaporation and for reducing drainflow. The effects of increased pumping were evaluated for three scenarios in two areas (management unit 4 and the area subject to bare-soil evaporation in 1990): (1) a constant increment in pumping from the semiconfined and confined zones; (2) a variable increment in pumping from the semiconfined and confined zones; and (3) a variable increment in pumping from the confined zone only. For each scenario, the increase in pumping was in increments of 0.5 ft/yr, and the maximum pumping rate was defined as that pumping rate which would not cause a lowering of confined zone heads below the measured 1967 values; heads lower than 1967 values might result in land subsidence.
The model indicates that if an additional 0.5 ft/yr is pumped from the semiconfined and confined zones in management unit 4, or if an additional 1.0 ft/yr is pumped from the areas currently (1990) subject to bare-soil evaporation, the amount of baresoil evaporation can be held relatively constant during the period of simulation, and drainflow can be reduced by about 30 percent, relative to maintaining present practices. If a variable increment in pumping is implemented from the semiconfined and confined zones, the model indicates a reduction in the number of cells subject to bare-soil evaporation, and a reduction in drainflow below the 1990 levels. If a variable increment in pumping is implemented from the confined zone only, the total number of cells subject to bare-soil evaporation, and the drainflow rate, will be about half-way between maintaining present practices and uniformly increasing pumping from the semiconfined and confined zones. The model does not simulate the transport of solutes in the system; therefore, the changes in the distribution of solutes that might occur as a consequence of increased ground-water pumping have not been evaluated.
A reduction in recharge combined with an increase in ground-water pumping is an effective strategy for controlling the altitude of the water table. The degree to which recharge can be reduced in any given subarea is partly a function of the availability of surface water. In three of the nine water-budget subareas, surface-water delivery exceeded calculated irrigation requirement. A reduction of recharge in these areas by an amount equal to the difference between surface-water delivery and calculated irrigation requirement would correspond to an overall decrease in recharge of 39 percent (about 0.3 ft/yr). In five of the nine subareas, ground-water pumping supplements surface-water delivery. In these areas, the effects of reducing recharge by 15 percent (average reduction of about 0.1 ft/yr) and increasing ground-water pumping by 0.5 ft/yr were evaluated. In one subarea, there is no surface-water delivery. In this area, any reduction in recharge would be offset by an equal reduction in ground-water pumping, and therefore no change in the water budget was implemented. If recharge is reduced and ground-water pumping is increased as described, the number of cells subject to bare-soil evaporation will be reduced by more than 40 percent, relative to 1990 conditions, and drainflow will be reduced by nearly 50 percent, relative to 1990 conditions. An increase in pumping from the confined zone is nearly as effective as pumping from the semiconfined and confined zones when coupled with a reduction in recharge. It is important to note that the reduction in recharge and increase in pumping were calculated relative to the 1980 water budget.
The U.S. Bureau of Reclamation (USER) has evaluated five alternatives for the San Luis Unit, which is represented in this study area by 405 mi2. The USER evaluated the effects of the proposed management alternatives with a simulation model that is driven by on-farm economic decisions. The model discussed earlier in this report was used as an additional tool to evaluate the response of the water table. This model indicates that the most effective alternative evaluated by the USER (alternative 4), from the perspective of the number of cells subject to bare-soil evaporation, would have a similar effect as uniformly increasing pumping by 1.0 ft/yr in management unit 2 or by reducing recharge by 30 percent in management unit 4. In four of the five alternatives, 75 to 100 mi2 of land in the study area would be taken out of irrigation.
Discussion of Management Alternatives 37 SUMMARY AND CONCLUSIONS
A transient, three-dimensional, numerical model was developed to simulate the ground-water flow system in the central part of the western San Joaquin Valley, California, with an emphasis on simulating the response of the water table to various management alternatives. The modeled area is 551 mi2 and includes the semiconfined and confined zones above and below the Corcoran Clay Member of the Tulare Formation. The calibrated model incorporates areally distributed, but temporally constant recharge and pumping. The recharge and pumping rates were based on an analysis of 1980 water-budget data. The model also incorporates regional-collector drains in the Westlands Water District (operative from 1981 to 1985), on-farm drains in parts of the Firebaugh, Panoche, and Broadview Water Districts, and bare-soil evaporation from the water table (which occurs if the water table is within 7 ft of land surface). The model, which was calibrated using hydrologic data from 1972 to 1988, simulated the average change in the altitude of the water table to within 4 percent.
The calibrated model was used to evaluate the response of the water table to various management alternatives. For the purposes of analysis, 1990 was selected as the year in which the different alternatives would become operational. The management alternatives evaluated were maintenance of present practices, land retirement, reduced recharge, increased groundwater pumping, combinations of these alternatives, and five alternatives proposed by the U.S. Bureau of Reclamation. In each alternative, the response of the water table was quantified in terms of the number of model cells subject to bare-soil evaporation and by drainflow in the area of on-farm drains.
Maintenance of present practices was defined as continuation of the areally distributed, but temporally constant rates of recharge and pumping that were specified in the calibration of the model. The model indicates that if recharge and pumping rates are maintained, the amount of land subject to bare-soil evaporation will increase by about 50 percent and drainflow in the area of on-farm drains will increase by about 20 percent.
Retirement of land was defined as the cessation of recharge and pumping in areas removed from agricultural production. The model indicates that land retirement results in elimination of bare-soil evaporation and reduction in drainflow in all cells retired, but has little effect on neighboring cells.
Recharge can be reduced through improvements in irrigation practices and technology that are designed to maximize irrigation efficiency. The simulated effects of reducing recharge varied with the magnitude of reduction and the size of the area managed. The model indicates that bare-soil evaporation can be held virtually constant if recharge is reduced by 30 percent in management unit 4 where the water table is-above the Corcoran Clay Member. Reduction of recharge in areas not currently subject to bare-soil evaporation appears to be an effective means for controlling the occurrence of bare-soil evaporation in those areas.
Increasing ground-water pumping over average values can reduce bare-soil evaporation and drainflow substantially. If variable pumping increments are used in the semiconfined and confined zones, the model indicates a reduction in bare-soil evaporation and drainflow below 1990 levels. Smaller reductions in bare-soil evaporation and drainflow were simulated when increased pumping was restricted to the confined zone only. Care was taken to avoid drawdowns in the confined zone that could cause subsidence. The model does not simulate the transport of solutes in the system; therefore, the changes in the distribution of solutes that might occur as a consequence of increased groundwater pumping have not been evaluated.
A combination of reducing recharge and increasing ground-water pumping is an effective strategy for reducing bare-soil evaporation and drainflow. The model indicates that the combined effect of these management alternatives results in a 40-percent reduction in bare-soil evaporation, and a 50-percent reduction in drainflow relative to 1990 conditions. Analysis of five management alternatives proposed by the U.S. Bureau of Reclamation (USER) indicates that the most effective USER alternative has an effect similar to reducing recharge by 30 percent in management unit 4 where the water table is above the Corcoran Clay Member. The USER alternatives are not directly comparable to other alternatives presented, as the USER study area is about 25 percent smaller than the model area.
In conclusion, the model indicates that the amount of land subject to bare-soil evaporation and the amount of drainflow in the model area can be reduced from the current (1990) levels by more than 40 and 50 percent, respectively, if recharge is reduced by 15 percent (about 0.1 ft/yr) and pumping is increased by 0.5 ft/yr in areas that currently use surface water and ground water, and if recharge is reduced by about 40 percent (about 0.3 ft/yr) in areas that currently use surface water only. Increase pumping by a variable increment from semiconfined and confined zones in management unit 2 (maximum increment of 1.5 ft/yr)
